Various metal oxides coated with a thin silica layer were prepared by two different liquid-phase deposition methods; one is the deposition of silica on the corresponding metal hydroxides using tetraethyl orthosilicate (TEOS), and the other is the hydrothermal treatment of the metal hydroxides with silica glass in basic solu tion. The TEOS treatment is more effective for depositing silica on the precursor hydroxides than the hydrothermal treatment employing the process of dissolution-deposition of silica. The silica-coated metal oxides of MgO, Fe2O3, NiO, Y2O3, ZrO2, SnO2, and Dy2O3 have high specific surface areas>200m2g-1 after heating at 773K. [Received May 10, 2002; Accepted August 9, 2002] Key-words: Metal oxides, Silica coating, Hydrothermal, Base, TEOS, High specific surface area 1. Introduction Silica deposited on metal oxides such as alumina, titania and zirconia has been in the spotlight as a solid catalyst.1)-5) These silica-coated metal oxides are prepared by depositing silica on the metal-oxide supports in the vapor phase using silicon alkoxide. In the preparation, however, low surface area of the original metal-oxide supports restricts the result ing materials. Recently, we have found that silica dissolved from a glass vessel effectively deposits on zirconyl hydro xide, ZrO(OH)2, during aging of the hydroxide.6) When a fresh precipitate of ZrO(OH)2 is heated with several pieces of silica glass chips in a basic solution under hydrothermal (HT) conditions at 373 K, silica dissolved from the glass deposits on the precipitate. The specific surface area of the resulting SiO2-ZrO2 exceeds 240m2g-1 even after heating at 773K. An advantage of this method is to maintain the high surface area of the original metal hydroxide after silica deposition and calcination.
Introduction
Silica deposited on metal oxides such as alumina, titania and zirconia has been in the spotlight as a solid catalyst.1)-5) These silica-coated metal oxides are prepared by depositing silica on the metal-oxide supports in the vapor phase using silicon alkoxide. In the preparation, however, low surface area of the original metal-oxide supports restricts the result ing materials. Recently, we have found that silica dissolved from a glass vessel effectively deposits on zirconyl hydro xide, ZrO(OH)2, during aging of the hydroxide.6) When a fresh precipitate of ZrO(OH)2 is heated with several pieces of silica glass chips in a basic solution under hydrothermal (HT) conditions at 373 K, silica dissolved from the glass deposits on the precipitate. The specific surface area of the resulting SiO2-ZrO2 exceeds 240m2g-1 even after heating at 773K. An advantage of this method is to maintain the high surface area of the original metal hydroxide after silica deposition and calcination.
Increase in the specific surface area of oxides is attractive for the preparation of materials. We expect that the liquid phase deposition of SiO2 can be applied to other metal oxides, and that silicon alkoxides are utilizable as the silica source. In this work, we investigate various metal oxides coated with SiO2 by using tetraethyl orthosilicate (TEOS), and compare this process with the dissolution-deposition process using silica glass under HT conditions. pies were prepared in the above-mentioned procedure without using TEOS. HT treatment of a hydroxide pre cipitate was performed as a reference method to obtain another SiO2-coated (abbreviated as HTC) sample, accord ing to the procedure detailed in a previous report:6) a fresh precipitate with silica glass chips was heated in a pressure vessel with a mother solution recovered in the precipitate formation at the pH of ca. 10 at 373K for 96h. Silica loading was estimated from the weight of the glass chips recovered after the deposition. The samples were finally heated in air at 773 K for 3h. A specific surface area of the sample was determined by the BET method using N2 adsorption isotherm at 77K. Solid-state 29Si CP-MAS NMR spectra were recorded on a DPX-300 multinuclear spectrometer (Bruker, Germany) at 59.64MHz. X-ray diffraction patterns were recorded on an M18XHF diffractometer (Mac Science, Japan).
Results and discussion
In both TSC and HTC systems, we observed decreases in the TEOS concentration and in the weight of silica glass chips, respectively. Table 1 lists silica loading values, which vary with the kind of metal hydroxide precipitate used. It is obvious that reactive-TEOS treatment achieves silica depo sition at low temperature, and that silica loading in TSC samples is larger than that of HTC ones. Table 1 also lists specific surface areas of the NCP, HTC, and TSC samples. Most of the NCP samples have low specific surface areas <100m2g-1. In contrast, silica-coated samples (HTC and TSC) have high specific surface areas. It is significant that the TSC samples have higher specific surface areas than the HTC samples. An as-dried precipitate of pure ZrO (011)2 has the surface area >300m2g-1, which decreases to only 44m2g-1 after heating at 773K.6) Since an as-dried HTC S iO2-coated ZrO(OH)2 sample also has a high surface area >300m2g-1,6) the silica deposited on the hydroxide surface prevents the sintering and agglomeration of the fine particles. Figure 1 shows the X-ray diffraction patterns of both NCP and TSC samples. In all the NCP samples, crystal phases appear after heating at 773 K ( Fig. 1(A) ). In TSC samples ( Fig. 1(B) Table 1 . In the TSC samples such as MgO, Y2O3, SnO2, and La2O3, 29Si resonance signals are observed at ap proximately -80ppm.
If the silica forms either a multiple layer or a particle aggregate, Q4 silicon, Si(OSi)4, resonance should be observed at ca. -110ppm.7) In the trilayer silica, Si located in the middle layer shows the resonance at -110 ppm. In the bilayer silica, Si located in the top layer shows the resonance from -90, Si(OSi)2(OH) 2, to -100ppm, Si(OSi)3(OH). The silica of the TSC samples can be regarded as a monolayer because of the major peak at 80 ppm, which is probably attributed to the Si(OM)2(OH)2 structure, where M is another metal of the oxide substrate7). For MgO and SnO2 (Figs. 2a and c) , the resonance peaks at around 90 and -100ppm suggest that the silica forms a bilayer structure. The NMR results indicate that the silica deposited on the metal oxides consists of a thin layer rather than aggregates of contaminated silica particles. At this point, we can calculate the average thickness of the silica thin layer deposited on the support substrate by simple geometric calculation, assuming that the silica has uniform thickness. For example, the average thickness of SiO2 of the TSC-MgO sample listed in Table 1 Figure 3 shows the relation between the average sili ca thickness and the specific surface area among the sam ples listed in Table 1 in addition to the TSC-ZrO2 samples with different silica loading values. The specific surface area seems to have a maximum at average silica thickness of ap proximately 0.4nm in the TSC system. In the HTC system, however, no maximum in the specific surface area is ob served although data for the HTC samples of MgO, NiO, Zr02i and SnO2, which have relatively high specific surface areas. are fitted to the curve observed in the TSC system.
It is known that, in an alumina deposited on silica gel, the alumina prevents the sintering of the silica support during HT treatment at 373-423K.8) In silica-alumina prepared by depositing silica on alumina, it has been shown that the alu mina core particles exhibit a heat resistance to sintering even at 1493 K.9)-11) The silica deposited on alumina acts as an obstacle for the sintering of alumina because of its differ ent structure. The silica loading of 10-15 mass.% that showed high thermal resistance in the silica-alumina9),11) corresponds to the average silica thickness of 0.41-0.62nm. The thickness that works effectively for the prevention of sintering of alumina is similar to those observed in this work.
The average thickness of 0.4 nm, at which the specific surface area is maximized (Fig. 3) , corresponds to the sur face Si density of 8.9 nm-2, which is close to the surface Si density of amorphous silica: 7.8 Si atoms nm-2 located at or very near the surface are estimated by simple geometric calculation.12) This is consistent with the NMR results shown in Fig. 2 : the surface silica species comprise either a monolayer or bilayer. It is speculated that the silica species deposited on hydroxide particles suppresses the sintering and crystallization of the metal oxide core.
Although silica can also deposit on oxide supports in vapor-phase processes.1)-5) the resulting surface area is ab solutely limited by the support materials: the specific sur face areas of ZrO2 and TiO2 supports are at most 70m2 g-1.1),5) In contrast, a high specific surface area is retained under mild deposition conditions which prevent aggregation of the metal hydroxide core particles in the liquid-phase process using TEOS. This is sure to be a great advantage in preparing metal-oxide composites such as a solid catalyst.
Conclusions
The specific surface areas of SiO2-coated metal oxides through hydrolysis of TEOS were much higher than those of the corresponding non-coated ones. The values of SiO2-coat ed MgO, NiO, Y2O3, ZrO2, and so forth exceeded 260m2 g-1. Although the primary particles of the pure metal hydroxides readily aggregate into large oxides during heat ing, the silica species deposited on the surface of primary particles prohibits agglomeration of the core particles. The present TEOS treatment works effectively for depositing silica on the hydroxide precursor, and is more efficient for the enlargement of specific surface area of the resulting silica-coated metal oxide than the dissolution-deposition of SiO2 under hydrothermal conditions.
